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THE ATMOSPHERE OF MARS ANALYZED BY INTEGRAL INVERSION 
OF THE MARINER I V  OCCULTATION DATA 
Gunnar F je ldbo  and Von R. Eshleman 
Center f o r  Radar Astronomy, S tanford  Un ive r s i ty ,  S t an fo rd ,  C a l i f o r n i a  
A b s t r a c t  - The aim of t h i s  paper  is  to  p r e s e n t  r e s u l t s  of a d e t a i l e d  
a n a l y s i s  of t h e  Mariner  I V  r a d i o  o c c u l t a t i o n  d a t a ,  u s i n g  t h e  d a t a  a s  
d i r e c t l y  a s  p o s s i b l e  wi th  a minimum number of assumptions and i n t e r -  
p r e t a t i o n s .  I n t e g r a l  i n v e r s i o n  of t h e  b a s i c  measurements i s  used t o  
o b t a i n  h e i g h t  p r o f i l e s  of r e f r a c t i v i t y  o v e r  t h e  immersion and emersion 
p o i n t s  on Mars. For  t h e  upper atmosphere t h i s  y i e l d s  d i r e c t l y  t h e  iono- 
s p h e r i c  p r o f i l e ,  from which a p r o f i l e  r e p r e s e n t i n g  plasma tempera ture  
d i v i d e d  by mean molecular  mass i s  d e r i v e d  assuming e i t h e r  d i f f u s i v e  o r  
p h o t o i o n i z a t i o n  e q u i l i b r i u m  cond i t ions .  Molecular  number d e n s i t y ,  t e m -  
p e r a t u r e ,  and p r e s s u r e  p r o f i l e s  f o r  t h e  lower atmosphere a r e  de r ived  f o r  
t w o  c o n s t i t u e n t  models assuming only mixed, non-polar molecules  i n  hydro- 
s t a t i c  equ i l ib r ium.  I t  i s  bel ieved t h a t  r a t h e r  h igh  p r e c i s i o n  has  been 
o b t a i n e d  f o r  c o n d i t i o n s  a t  t h e  immersion p o i n t ,  bu t  t h a t  t h e  emersion 
r e s u l t s  are less p r e c i s e  due  t o  a change i n  t h e  mode of o p e r a t i o n  of 
t h e  r a d i o  system. 
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1. INTRODUCTION 
The i n i t i a l  ana lyses  of t h e  Mariner  IV o c c u l t a t i o n  d a t a  were 
based p r imar i ly  on model f i t t i n g ;  i . e . ,  t h e  parameters  of an assumed 
model f o r  t h e  atmosphere r e f r a c t i v i t y  p r o f i l e  were a d j u s t e d  so  a s  t o  
minimize t h e  d i f f e r e n c e s  between t h e  computed and t h e  measured r a d i o  
phase  changes [Kl io re  e t  a l ,  19651. (The r e f r a c t i v i t y  N of a 
medium i s  de f ined  a s  (n-1) 10 , where n i s  t h e  r e f r a c t i v e  index . ’  
The model f i t t i n g  approach becomes i m p r a c t i c a l ,  however, i f  one wants 
t o  u t i l i z e  t h e  d a t a  t o  s t u d y  t h e  f i n e r  s t r u c t u r e  of t h e  atmosphere.  
Under these  c i rcumstances ,  t h e  f i t t i n g  t echn ique  r e q u i r e s  t h e  u s e  of 
s o  many v a r i a b l e  parameters  t h a t  i t  i s  easier t o  i n v e r t  t h e  i n t e g r a l  
e q u a t i o n  r e l a t i n g  t h e  r a d i o  phase  measurements t o  t h e  atmospheric  
r e f r a c t i v i t y  p r o f i l e  (F je ldbo  and Eshleman, 1 9 6 5 ) .  
p r o f i l e  ob ta ined  from i n v e r s i o n  can  b e  cons ide red  t h e  i d e a l  model 
f i t  w i t h  s t anda rd  d e v i a t i o n  (or goodness) of f i t  equa l  t o  ze ro .  
6 
The r e f r a c t i v i t y  
W e  have now completed a more d e t a i l e d  s tudy  of bo th  t h e  phase  and 
ampl i tude  d a t a  provided by Mariner  I V ,  and have u t i l i z e d  i n t e g r a l  
i n v e r s i o n  t o  c a l c u l a t e  t h e  a tmospher ic  r e f r a c t i v i t y  as a f u n c t i o n  
of h e i g h t  a t  bo th  o c c u l t a t i o n  immersion and emersion. 
summarized i n  Sec.  2 .  I n  Secs .  3 and 4 ,  w e  u s e  t h e  measured r e f r a c -  
t i v i t y  p r o f i l e s  t o  d e r i v e  molecular  number d e n s i t y ,  t empera tu re ,  and 
p r e s s u r e  p r o f i l e s  f o r  t h e  lower atmosphere,  and e l e c t r o n  number d e n s i t y  
and plasma tempera ture  p r o f i l e s  f o r  t h e  upper  a tmosphere.  
Th i s  work i s  
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2 .  THE MARINER-MARS REFRACTIVITY PROFILES 
Recept ion  a t  t h e  NASA Deep Space Network of t h e  t r a c k i n g  and 
t e l e m e t r y  s i g n a l  f r o m  t h e  Mariner  I V  s p a c e c r a f t  p rovided  t h e  b a s i c  
d a t a .  
r ev iew t h e  measurements. 
men ta t ion  has  been g iven  by G. S.  Levy e t  a l ,  1 9 6 6 . )  
Before d e s c r i b i n g  t h e  a n a l y s i s  of t h e  d a t a ,  w e  s h a l l  b r i e f l y  
(A more complete d e s c r i p t i o n  of t h e  i n s t r u -  
The geometry of t h e  experiment is  i l l u s t r a t e d  i n  F ig .  1. During 
immersion, t h e  radio r e c e i v e r  on t h e  s p a c e c r a f t  w a s  phase-locked to  
t h e  2 . 1  Gc/sec u p l i n k  s i g n a l  t r ansmi t t ed  from S t a t i o n  11 a t  Goldstone, 
C a l i f o r n i a .  The r e c e i v e d  s i g n a l  was c o h e r e n t l y  t r a n s l a t e d  t o  approx- 
i m a t e l y  2.3 Gc/sec and t r a n s m i t t e d  back t o  e a r t h  where i t  w a s  r e c e i v e d  
a t  S t a t i o n s  11 and 12 a t  Goldstone,  and a t  t w o  s t a t i o n s  i n  A u s t r a l i a .  
I n  order t o  p rov ide  p r e c i s e  doppler  measurements a t  S t a t i o n  11, t h e  
r e c e i v e d  qqdownlinktq s i g n a l  was compared w i t h  t h e  same rubidium f r e -  
quency source  as w a s  used  i n  t h e  t ransmiss ion .  S i m i l a r  f requency  
s t a n d a r d s  w e r e  employed a t  t h e  other r e c e i v i n g  t e r m i n a l s .  
A d i f f e r e n t  exper imenta l  c o n f i g u r a t i o n  p r e v a i l e d  a t  emersion.  
A t  t h i s  t i m e ,  t h e  s p a c e c r a f t  t r a n s m i t t e r  d e r i v e d  i t s  s i g n a l  from a 
local osci l la tor  which i s  less s t a b l e  t h a n  t h e  f requency  s t a n d a r d s  
on t h e  e a r t h .  An a t t empt  w a s  made t o  lock  up t h e  s p a c e c r a f t  t r a n s -  
ponder  t o  t h e  u p l i n k  s i g n a l  so t h a t  two-way dopp le r  could  be ob ta ined  
i n s t a n t l y  upon emersion. However, a f t e r  end of o c c u l t a t i o n  of t h e  
downlink s i g n a l ,  approximate ly  7 . 5  seconds of t i m e  e l a p s e d  b e f o r e  
t h e  s p a c e c r a f t  t r ansponder  went i n t o  l o c k .  T h i s  u n f o r t u n a t e  d e l a y  
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FIG. 1 .  OCCULTATION GEOMETRY. Immersion and emersion occurred 25,500 km 
and 39,200 km behind the  Martian limb, r e s p e c t i v e l y .  
the  radial  v e l o c i t y  ( d r s / d t )  was about 2 km/sec during occu l ta t ion .  
The magnitude of 
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l e a v e s  an ambiguity i n  t h e  f i rs t  7 . 5  sec of t h e  emersion dopp le r  
d a t a  because t h e  frequency of t h e  s p a c e c r a f t ' s  l o c a l  o s c i l l a t o r  i s  
n o t  known wi th  p r e c i s i o n .  
A l l  t h e  t r a c k i n g  s t a t i o n s  involved i n  t h e  o c c u l t a t i o n  experiment 
had phzse-locked r e c e i v e r s  which  provided informat ion  on s i g n a l  power 
and f requency  i n  r e a l  t i m e .  
were equipped wi th  open loop  receivers f o r  ana log  r eco rd ing  of t h e  
s i g n a l .  Both t y p e s  of r e c e i v e r s  y ie lded  v a l u a b l e  d a t a  du r ing  immersion. 
However, on ly  open loop  r eco rd ings  were ob ta ined  d u r i n g  emersion, 
because  none of t h e  ground based phase-locked r e c e i v e r s  locked on t o  
t h e  downlink s i g n a l  i n  t i m e  t o  provide atmospheric  d a t a  (Levy e t  a l ,  
1966) .  
I n  addi t ion ,  t he  two Goldstone s t a t i o n s  
F i g u r e s  2 and 3 i l l u s t r a t e  t he  a n a l y s i s  t h a t  has  been conducted 
on t h e  ampli tude of t h e  downlink s i g n a l s .  The ampli tude and r e l a t i v e  
t i m e  s c a l e s  of computed s t ra ight -edge  F r e s n e l  d i f f r a c t i o n  p a t t e r n s  
w e r e  ad jus t ed  u n t i l  a l eas t - squa res  f i t  w a s  ob ta ined  t o  the ampli tude 
d a t a .  The b e s t - f i t  d i f f r a c t i o n  p a t t e r n  ob ta ined  i n  t h i s  manner has  a 
reduced ampli tude and i s  s t r e t c h e d  ou t  i n  t i m e .  The  ampl i tude  r educ t ion  
i s  caused  by de focuss ing  ( d i f f e r e n t i a l  a tmospheric  r e f r a c t i o n ) .  
s t r e t c h  of t h e  F r e s n e l  d i f f r a c t i o n  p a t t e r n  i s  a l s o  r e l a t e d  t o  t h e  
The 
d i f f e r e n t i a l  r e f r a c t i o n  (F je ldbo  and Eshleman, 1965) .  
The immersion d a t a  shown i n  Fig. 2 have been normalized w i t h  
r e s p e c t  t o  t h e  ampli tude measured before  t h e  s p a c e c r a f t  was occu l t ed  
by t h e  Mart ian atmosphere. Thus, assuming t h a t  t h e  system g a i n  remained 
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FIG. 2. AMPLITUDE VERSUS TIME DURING IMMERSION. The downlink grazed  
t h e  Martian l imb a t  ah 31m 11.35’ k 0.15’ GMT; a t  t h i s  t i m e  t h e  a t -  
mosphere had reduced t h e  s i g n a l  l e v e l  by 2 db and produced a F r e s n e l  
s t r e t c h  of 2 6 .  
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FIG. 3. AMPLITUDE VERSUS TIME DURINGEMERSION. The downlink grazed the  
Martian limb a t  3h 25m 9.45' k 0.15'; at t h i s  t i m e ,  the  atmosphere had 
reduced the  s i g n a l  l e v e l  by about 1 . 5  db and produced a Fresnel s t r e t c h  
of 30%. 
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unchanged du r ing  t h e  measurements,  t h e  r e d u c t i o n  i n  s i g n a l  i n t e n s i t y  
(approximately 2 db)  given by t h e  l e a s t - s q u a r e s  f i t  cu rve  i n  F i g .  2 ,  
is  a t t r i b u t a b l e  t o  t h e  Mar t ian  atmosphere.  
computed t h e  de focuss ing  cor responding  to  t h e  r e f r a c t i v i t y  p r o f i l e  
determined from t h e  phase  measurements and ob ta ined  a va lue  of 2 . 1  db 
for graz ing  r a y  c o n d i t i o n s .  For  t h e  F r e s n e l  s t r e t c h ,  t h e  ampl i tude  
d a t a  gave 2@, whi le  c a l c u l a t i o n s  based on t h e  r e f r a c t i v i t y  p r o f i l e  
determined from t h e  phase measurements gave 27$). 
(For  comparison, w e  
The ampli tude data for emersion, shown i n  F i g .  3, have been 
normalized w i t h  r e s p e c t  t o  t h e  s i g n a l  ampl i tude  measured a f t e r  t h e  
s p a c e c r a f t  emerged from behind t h e  Mar t ian  atmosphere.  W e  have a l s o  
a t tempted  t o  account  for a change i n  t h e  s y s t e m  g a i n  a s s o c i a t e d  w i t h  
t h e  t r a n s i t i o n  from one-way t o  two-way modes of o p e r a t i o n .  T h i s  
compl ica t ion  makes t h e  measurements of t h e  a tmospher ic  de focuss ing  
less p r e c i s e  for emersion than  f o r  immersion. 
The s igna l - to -no i se  r a t i o  was o n l y  about  10 db i n  a 10 cps  band- 
wid th  du r ing  t h e  o c c u l t a t i o n  measurements.  However, w i t h i n  t h e  expe r i -  
menta l  u n c e r t a i n t i e s ,  t h e  r e s u l t s  from a tmospher ic  de focuss ing  and 
F r e s n e l  s t r e t c h  a r e  i n  agreement w i t h  t h e  r e f r a c t i v i t y  p r o f i l e s  deduced 
from t h e  phase changes of t h e  s i g n a l .  Thus t h e  ampl i tude  d a t a  p rov ide  
an important  check and v e r i f i c a t i o n  of t h e  phase  d a t a ,  bu t  a r e  less 
p r e c i s e  for determining  a tmospher ic  pa rame te r s .  
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The most impor tan t  role  of t h e  ampl i tude  a n a l y s i s ,  however, i s  to  
p r o v i d e  t h e  p r e c i s e  times a t  which t h e  downlink s i g n a l  grazed  t h e  
Mar t ian  l imbs .  These t i m e s  a r e  used t o  de termine  t h e  s u r f a c e  l e v e l s  i n  
t h e  a n a l y s i s  of t h e  immersion and emersior? phase  d a t a ,  and f o r  deducing 
p l a n e t a r y  r a d i i .  Using t h e  d a t a  both f o r  immersion and emersion t o g e t h e r  
w i t h  t h e  t r a j e c t o r y  c o o r d i n a t e s  provided by t h e  o r b i t  de t e rmina t ion  group 
of  t h e  Jet P ropu l s ion  Labora tory ,  we f i n d  a mean r a d i u s  of about 3381 km 
f o r  t h e  two o c c u l t a t i o n  p o i n t s .  The r a d i u s  a t  immersion appea r s  t o  be 
about  5 km g r e a t e r  t han  t h a t  a t  emersion, bu t  t h e  u n c e r t a i n t y  i n  t h e  
d i f f e r e n c e  i s  comparable w i t h  t h i s  va lue .  
Next,  w e  w i l l  d e s c r i b e  b r i e f l y  how t h e  r e f r a c t i v i t y  p r o f i l e s  w e r e  
computed from t h e  f requency  p e r t u r b a t i o n s  measured w i t h  t h e  r a d i o  l i n k .  
The t o t a l  dopp le r  s h i f t  is due both  t o  changes i n  geomet r i ca l  d i s t a n c e  
between t r a c k i n g  s t a t i o n s  on e a r t h  and t h e  s p a c e c r a f t  ( range  r a t e  d o p p l e r ) ,  
and t o  changes i n  t h e  r e f r a c t i v e  index a long  t h e  changing propagat ion  
p a t h s .  The t r a j e c t o r y  of t h e  s p a c e c r a f t  is computed from dopp le r  f r e -  
quency measurements t aken  throughout t h e  f l i g h t ,  i n c l u d i n g  t h e  t i m e  
n e a r  encoun te r  b u t  exc luding  t h e  time when t h e  s i g n a l s  were pe r tu rbed  
by t h e  atmosphere of Mars. Sub t rac t ing  computed range  r a t e  doppler  
f rom measured dopp le r  f r e q u e n c i e s  dur ing  encounter  l e a v e s  r e s i d u a l s  which 
are p r i m a r i l y  due t o  t h e  Mart ian atmosphere ( K l i o r e  e t  a l ,  1965). 
i n g  c o r r e c t i o n s  f o r  osc i l la tor  d r i f t ,  t h e  imper fec t  t r a j e c t o r y ,  and for 
o t h e r  changes of r e f r a c t i v i t y  i n  the atmosphere of t h e  e a r t h  and i n  t h e  
i n t e r p l a n e t a r y  medium, are approximated by s u b t r a c t i n g  t h e  ve ry  small, 
Remain- 
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cons tan t - f requency  term needed t o  make t h e  dopp le r  r e s i d u a l s  equal  z e r o  
a t  t i m e s  near encounter .  A f i n a l ,  even smaller c o r r e c t i o n  i s  made a f t e r  
t h e  d a t a  are i n v e r t e d ,  by s e t t i n g  t h e  z e r o  r e f e r e n c e  of r e f r a c t i v i t y  above 
t h e  ionosphe r i c  or a tmospher ic  r e g i o n  be ing  s t u d i e d .  
From the  t r a j e c t o r y  c o o r d i n a t e s  and t h e  dopp le r  r e s i d u a l s  ( L U )  , 
t h e  a n g l e  of r e f r a c t i o n  
a f u n c t i o n  of r . For  sma l l  bending,  01 is  g iven  by: 
( a )  of t h e  propagat ion  p a t h  is computed a s  
S 
-1 
d r  
where A is t h e  f r e e  space  wavelength and d r s / d t  is t h e  r a d i a l  
v e l o c i t y  of t h e  s p a c e c r a f t ,  The geomet r i ca l  q u a n t i t i e s  involved  a r e  
i l l u s t r a t e d  i n  F i g .  1. The cor responding  d i s t a n c e  by which t h e  propa- 
g a t i o n  pa th  missed t h e  c e n t e r  of Mars ( p )  is g iven  by 
z r  
s s  - z Q - -  P = rs S D 
where r and z a r e  t h e  s p a c e c r a f t  c o o r d i n a t e s  d e f i n e d  i n  F i g .  1, 
and D i s  t h e  d i s t a n c e  between t h e  s p a c e c r a f t  and t h e  e a r t h .  Both 
Eq. 1 and Eq. 2 a r e  based on t h e  assumption t h a t  t h e  a n g l e  of r e f r a c t i o n  
( a )  
Mart ian  atmosphere w a s  about  0 . 2  m i l l i r a d i a n s .  
S S 
is  smal l .  The maximum bending imposed on t h e  r a d i o  l i n k  by t h e  
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The t r a n s i t  t i m e  f o r  t h e  s i g n a l  t r a v e l i n g  from the  s p a c e c r a f t  t o  
t h e  e a r t h  w a s  about 12 minutes during t h e  o c c u l t a t i o n  measurements. 
A t  any  one t i m e ,  t h e  c o o r d i n a t e  system shown i n  F i g .  1 was chosen so 
t h a t  t h e  z -ax i s  passed  through t h e  p o s i t i o n  which t h e  ezr th-based  re- 
c e i v e r  would occupy 12 minutes  l a t e r .  The  o r i g i n  of the  c o o r d i n a t e  
s y s t e m  was chosen a t  t h e  Martian cen te r  of mass. 
L e t  $ deno te  t h e  atmospheric p e r t u r b a t i o n s  of t h e  phase p a t h  
between Mariner  and t h e  e a r t h .  For immersion, $ ( t )  i s  g iven  by 
( c y c l e s )  (3) 
where t deno tes  a t i m e  p r i o r  t o  Mar ine r ' s  o c c u l t a t i o n  by  t h e  Martian 
atmosphere.  The minus s i g n  implies  t h a t  the  d o p p l e r  s h i f t  i s  n e g a t i v e  
when $ ( t )  is i n c r e a s i n g  w i t h  time. S i m i l a r l y ,  w e  have f o r  emersion: 
1 
where 
t h e  atmosphere of Mars du r ing  emersion. 
t2 
deno tes  a t i m e  a f t e r  the s p a c e c r a f t  t o  e a r t h  p a t h  c l e a r e d  
The phase changes 6 can conven ien t ly  be cons ide red  a super- 
p o s i t i o n  of two e f f e c t s ;  namely the change ( f l l )  i n t roduced  because 
t h e  r e f r a c t i v i t y  d i f fe rs  f r o m  ze ro  a long  t h a t  p o r t i o n  of t he  r a d i o  l i n k  
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which i s  pass ing  through t h e  atmosphere,  p l u s  t h e  phase pa th  i n c r e a s e  
(a  zs /2h)  
w e  have 
2 
a s s o c i a t e d  w i t h  t h e  bending of t h e  propagat ion  p a t h .  Thus,  
2 
a =s f i 1 = 6 - x  ( 5 )  
Equat ions 1 through 5 may be u t i l i z e d  t o  c a l c u l a t e  jdl a s  a func-  
t i o n  of p .  The f u n c t i o n  f i l (p )  i s  aga in  r e l a t e d  t o  t h e  r e f r a c t i v i t y  
N ( r )  by 
where 
Equat ions ( 5 )  and ( 6 )  a r e  based on t h e  assumption t h a t  t h e  r e f r a c t i v e  
bending i s  smal l  and t h e  propagat ion  p a t h  h a s  been approximated w i t h  a 
s t r a i g h t  l i n e  i n  t h e  r eg ion  where N ( r )  d i f f e r s  from z e r o .  Fo r  a more 
d e t a i l e d  d e s c r i p t i o n  of t h e  approximations u t i l i z e d  h e r e ,  t h e  r e a d e r  is  
r e f  e r r e d  to  Appendix A .  
There a r e  s e v e r a l  t echn iques  t h a t  may be u t i l i z e d  t o  compute N ( r )  
from fil(p) (F je ldbo ,  1964) .  The method t o  be o u t l i n e d  h e r e  was chosen 
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becaGse it does n o t  r e q u i r e  any p re - inve r s ion  f i l t e r i n g  of t h e  raw 
d o p p l e r  r e s i d u a l  d a t a .  T h i s  approach may o f f e r  t h r e e  advantages :  
(1) t h e  r e f r a c t i v i t y  p r o f i l e s  a r e  a v a i l a b l e  i n  a form where t h e  a l t i -  
t u d e  r e s o l u t i o n  i s  u n a f f e c t e d  by any  p a r t i c u l a r  f i l t e r  c h a r a c t e r i s t i c s  
( o t h e r  than  t h e  12  cps  phase-locked-loop bandwidth) ; ( 2 )  pos t - inve r s ion  
f i l t e r i n g  may r e q u i r e  less computer t i m e  s i n c e  it is  unnecessary  t o  
r e p e a t  t h e  i n v e r s i o n  computat ions i f  one wants  t o  change t h e  f i l t e r ;  
(3) t h e  p h y s i c a l  p r o p e r t i e s  of t h e  atmosphere a r e  r e l a t e d  more s imply 
t o  t h e  parameters  of a matched f i l t e r  a p p l i e d  t o  
d o p p l e r  d a t a .  
N(h) than  t o  t h e  
L e t  K deno te  t h e  number of da t a  p o i n t s  d e s c r i b i n g  fi ( p ) .  I n  
b r i e f ,  Eq. 6 may be i n v e r t e d  by d i v i d i n g  t h e  atmosphere i n t o  K s p h e r i c a l  
l a y e r s  each having c o n s t a n t  r e f r a c t i v i t y .  S t a r t i n g  w i t h  f i l (p)  f o r  t h e  
r a y  t h a t  is p a s s i n g  t a n g e n t i a l l y  through t h e  top  l a y e r ,  one  computes t h e  
r e f r a c t i v i t y  of t h i s  l a y e r  by simply d i v i d i n g  A 1 0  @,(p) by t h e  co r re -  
sponding p a t h  l e n g t h ,  The second ray  from t h e  t o p  is p a s s i n g  through 
1 
6 
t w o  a tmospher ic  l a y e r s .  The e f f e c t  t h e  top  l a y e r  h a s  on bl(P) f o r  
t h i s  second r a y  can r e a d i l y  be s u b t r a c t e d .  The remaining phase  r e s i d u a l  
is d i v i d e d  by t h e  l e n g t h  of t h a t  po r t ion  of t h e  r a y  which is  enc losed  
i n  t h e  second l a y e r .  T h i s  c a l c u l a t i o n  g i v e s  t h e  r e f r a c t i v i t y  of t h e  
second l a y e r ,  Repea t ing  t h e s e  c a l c u l a t i o n s  f o r  t h e  remaining r a y s  y i e l d s  
t h e  e n t i r e  r e f r a c t i v i t y  p r o f i l e ,  A more d e t a i l e d  d e s c r i p t i o n  of t h i s  
p rocedure  i s  g iven  i n  Appendix B. 
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Figure 4 shows some examples of t h e  r e f r a c t i v i t y  p r o f i l e s  t h a t  
were computed from t h e  dopp le r  r e s i d u a l s  provided by Mariner  I V .  The 
f i r s t  f i v e  p r o f i l e s  were c a l c u l a t e d  from r e s i d u a l s  o b t a i n e d  p r i o r  t o  
o c c u l t a t i o n .  These  c u r v e s  were inc luded  t o  i l l u s t r a t e  t h e  n o i s e  and 
b i a s  l e v e l s ;  t h u s  t h e i r  a l t i t u d e  scales are  o n l y  r e l a t i v e .  
The l a s t  p r o f i l e  i n  F i g .  4 shows t h e  Mart ian atmosphere probed 
d u r i n g  e n t r y  i n t o  o c c u l t a t i o n .  The upper p o r t i o n  o f  t h i s  p r o f i l e  
r e p r e s e n t s  t h e  ionosphe re  where t h e  r e f r a c t i v i t y  is n e g a t i v e  and propor- 
t i o n a l  t o  the e l e c t r o n  number d e n s i t y .  In  t h e  lower atmosphere,  t h e  
r e f r a c t i v i t y  is p o s i t i v e  and l i n e a r l y  re la ted t o  t h e  number d e n s i t y  of 
each  c o n s t i t u e n t .  I t  i s  expected t h a t  t h e  n e g a t i v e  i o n o s p h e r i c  r e f r a c -  
t i v i t y  i s  i n v e r s e l y  p r o p o r t i o n a l  i n  magnitude t o  t h e  s q u a r e  of t h e  r a d i o  
f r equency ,  w h i l e  the p o s i t i v e  atmospheric  r e f r a c t i v i t y  i s  e s s e n t i a l l y  
independent of t h e  f r equency .  
A l l  t h e  p r o f i l e s  i n  F i g ,  4 w e r e  o b t a i n e d  w i t h  the same da ta -  
p rocess ing  t e c h n i q u e s .  I n  each case, t h e  z e r o - r e f e r e n c e  l e v e l  for t h e  
r e f r a c t i v i t y  w a s  set by s u b t r a c t i n g  any d o p p l e r  b i a s  t h a t  might r e m a i n  
a f t e r  t h e  gross effects of the t r a j e c t o r y  are removed. T h i s  dopp le r  
bias  w a s  determined by t a k i n g  t h e  mean of t h e  d o p p l e r  r e s i d u a l s  o b t a i n e d  
i n  a one minute p e r i o d  j u s t  p r i o r  t o  t h e  s t a r t  of t h e  p r o f i l e .  Thus 
a l l  cons t an t  dopp le r  b i a s  t h a t  may have been produced by t h e  r a d i o  s y s -  
t e m ,  the  e a r t h ' s  atmosphere,  t h e  i n t e r p l a n e t a r y  medium, or by e r r o r s  
i n  t h e  t r a j e c t o r y ,  h a s  been removed. 
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I n  t h e  a n a l y s i s  of t h e  two-way d o p p l e r ,  it was necessa ry  t o  t a k e  
i n t o  account t h a t  t h e  u p l i n k  and t h e  downlink d i d  no t  f o l l o w  p r e c i s e l y  
t h e  same pa th  through t h e  Mart ian atmosphere.  T h i s  e f f e c t  was caused 
by changes i n  t h e  d i r e c t i o n  t o  t h e  e a r t h  a s  observed i n  an a r e o c e n t r i c  
coord ina te  system f i x e d  w i t h  r e s p e c t  t o  t h e  s t a r s .  During t h e  24 m i n u t e s  
round-tr ip  propagat ion t i m e ,  t h e  e a r t h  moved on t h e  o r d e r  of 0 .1  m i l l i -  
r a d i a n s  causing t h e  downlink t o  l a g  t h e  u p l i n k  i n  sweeping through t h e  
Mart ian atmosphere. T h e  a l t i t u d e  d i f f e r e n c e  between t h e  two p ropaga t ion  
p a t h s  was on t h e  o r d e r  of two k i l o m e t e r s  a t  Mars. 
The complicat ion in t roduced  by having two d i f f e r e n t  p a t h s  was 
handled by d i v i d i n g  t h e  two-way dopp le r  r e s i d u a l s  by two and c o n s i d e r i n g  
t h e  propagat ion a s  one-way a long  a mean p a t h  l o c a t e d  between t h e  u p l i n k  
and downlink. T h i s  approach is  a p p l i c a b l e  i n  t h e  atmospheric  r e g i o n s  
where t h e  r e f r a c t i v i t y  s c a l e  h e i g h t  i s  l a r g e  compared t o  t h e  a l t i t u d e  
s e p a r a t i o n  of t h e  two r a d i o  l i n k s .  
The r e s i d u a l s  employed i n  c a l c u l a t i n g  the p r o f i l e s  i n  F i g .  4 were 
o b t a i n e d  f r o m  t h e  dopp le r  measurements made w i t h  t h e  phase-locked receiver 
system a t  S t a t i o n  11. In  t h i s  system, t h e  phase of t h e  r a d i o  s i g n a l  was 
determined by cumula t ive ly  coun t ing  pos i t i ve -go ing  z e r o  c r o s s i n g s .  Once 
eve ry  second, t h e  change i n  t h e  z e r o  c r o s s i n g  count was recorded t o  pro- 
v i d e  a measure of dopp le r  f r equency .  The q u a n t i z a t i o n  e r r o r s  were re- 
duced by m u l t i p l y i n g  t h e  dopp le r  f requency by a f a c t o r  of 8 p r i o r  t o  
t h e  count ing (Levy e t  a l ,  1966) .  
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Most of t h e  n o i s e  on t h e  r e f r a c t i v i t y  p r o f i l e s  of F i g .  4 i s  due t o  
t h e  dopp le r  q u a n t i z a t i o n  e r r o r s .  The pe r iod  o r  h e i g h t  i n t e r v a l  of t h i s  
r e f r a c t i v i t y  n o i s e  is determined b y  the  speed w i t h  which t h e  r a d i o  l i n k  
swept thrcjiigh t h e  atmosphere,  and i s  &bout 4 kni i n  t h e  upper  atiiiosphere 
and about  3 k m  n e a r  t h e  s u r f a c e .  
F i g u r e  5 shows t h e  immersion and emersion p r o f i l e s  ob ta ined  by 
i n v e r t i n g  the  doppler  d a t a  from S t a t i o n  12 .  The immersion measurements 
were made i n  t h e  southern  p a r t  of Electris  nea r  5 O o S ,  177'E, a t  about  
1300 hours  l o c a l  t i m e  i n  l a t e  winter .  The azimuth a n g l e  of t h e  propa- 
g a t i o n  p a t h  was about  115' measured from n o r t h  towards e a s t .  Emersion 
occur red  i n  t h e  v i c i n i t y  of t he  nor thern  edge of Mare Acidalium n e a r  
60°N, 36'W, a t  about  2340 hours  l o c a l  t i m e  i n  l a t e  summer. The azimuth 
a n g l e  of t h e  g raz ing  r a d i o  l i n k  was 65'. T h e  most apparent  d i f f e r e n c e  
between the  two p r o f i l e s  i s  t h a t  t h e r e  was no d e t e c t a b l e  ionosphere  on 
t he  n i g h t  side of t h e  p l a n e t .  
The atmospheric  r e f r a c t i v i t y  is t h e  b a s i c  q u a n t i t y  measured w i t h  
t h e  r a d i o  o c c u l t a t i o n  exper iment ,  In o r d e r  t o  i n t e r p r e t  these measure- 
ments i n  terms of number d e n s i t y ,  temperature  and p r e s s u r e  p r o f i l e s ,  
it is  necessa ry  t o  know the c o n s t i t u e n t s .  T h i s  problem is  d i scussed  i n  
t h e  nex t  s e c t i o n s .  
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3. THE LOWER ATMOSPHERE OF MARS 
O c c u l t a t i o n  measurements a t  a s i n g l e  r a d i o  f requency  can n o t  i n  gen- 
eral d i s c r i m i n a t e  between f r e e  e l e c t r o n s  and n e u t r a l  c o n s t i t u e n t s  ( F j e l d b o  
e t  a l ,  1965; Har r ing ton  e t  a l ,  1967) .  There  are two ways i n  which t h e  
e f f e c t s  of ion ized  and n e u t r a l  c o n s t i t u e n t s  might i n t e r f e r e .  E l e c t r o n s  
i n  t h e  lower atmosphere would c o n t r i b u t e  d i r e c t l y  t o  t h e  r e f r a c t i v i t y  
p r o f i l e  f o r  t h i s  region,  and an ionosphere  a t  g r e a t e r  h e i g h t  could  
a f f e c t  t h e  d e r i v e d  p r o f i l e  f o r  t h e  lower atmosphere i f  t h e  ionosphere  
d e p a r t s  s e n s i b l y  from s p h e r i c a l  symmetry i n  t h e  r eg ion  probed by t h e  
r a d i o  w a v e s .  However, t h e  shapes  of t h e  p r o f i l e s  i n  F i g u r e s  4 and 5 
have l e d  u s  t o  b e l i e v e  t h a t  f ree  e l e c t r o n s  c o n t r i b u t e  n e g l i g i b l y  t o  
t h e  r e f r a c t i v i t y  measured i n  t h e  lower atmosphere. For example, t h e  
d a y s i d e  p r o f i l e  does  no t  show any region wi th  n e g a t i v e  r e f r a c t i v i t y  
below 80-km a l t i t u d e ,  and no ionosphere  was d e t e c t e d  on t h e  n i g h t s i d e  
of t h e  p l a n e t .  
s p h e r i c a l  symmetry i n  t h e  ionosphere  appea r s  small  s i n c e  t h e  p r o f i l e s  
show ilear-zero r e f r a c t i v i t y  i n  t h e  50-80 km h e i g h t  r e g i o n  between t h e  
p o s i t i v e  and n e g a t i v e  r e f r a c t i v i t y  regions.  
I n  a d d i t i o n ,  t h e  p o s s i b l e  e f f e c t  of t h e  l a c k  of 
The conc lus ion  r e g a r d i n g  t h e  probable absence of plasma e f f e c t s  i n  
t h e  lower atmosphere i s  s t r eng thened  by a comparison wi th  t h e  c o n d i -  
t i o n s  p r e v a i l i n g  i n  o u r  own atmosphere. Assuming t h a t  t h e  f r e e  
e l e c t r o n  number d e n s i t i e s  i n  t h e  lower atmosphere of  Mars a r e  
comparable wi th  t h o s e  measured a t  t h e  same n e u t r a l  d e n s i t y  l e v e l s  
i n  t h e  t e r r e s t r i a l  atmosphere, one can show t h a t  t h e  r e f r a c t i v i t y  
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of t h e  e l e c t r o n s  i s  much s m a l l e r  than t h a t  of t h e  neu.tra1 g a s .  Thus, 
based on  t h e  evidence a t  hand, i t  seems p l a u s i b l e  t h a t  f ree  e l e c t r o n s  
have a n e g l i g i b l e  e f f e c t  on t h e  r e f r a c t i v i t y  i n  t h e  lower atmosphere 
of Mars. 
F igu res  6 and 7 show t h e  r e f r a c t i v i t y  measured i n  t h e  lower 
atmosphere probed d u r i n g  immersion i n t o  o c c u l t a t i o n .  The p r o f i l e  was 
o b t a i n e d  by ave rag ing  t h e  r e f r a c t i v i t y  measured a t  s t a t i o n s  11, 1 2 ,  
and 42. A s l i g h t  p o s i t i v e  r e f r a c t i v i t y  b i a s  i n  t h e  50 t o  80-km he igh t  
range (See F i g .  4 )  probably due e i t h e r  t o  random d r i f t s  of t h e  
frequency s t a n d a r d s  or t o  a very s l i g h t  d e p a r t u r e  from s p h e r i c a l  
symmetry i n  t h e  ionosphere,  was s u b t r a c t e d  i n  o r d e r  t o  improve t h e  
z e r o  r e f e r e n c e .  
A s t a t i s t i c a l  a n a l y s i s  w a s  made of t h e  e f f e c t  t h a t  changes i n  t h e  
r e f r a c t i v i t y  b i a s  may have had on t h e  r e f r a c t i v i t y  measurements i n  
t h e  lower atmosphere. I n  t h i s  a n a l y s i s ,  w e  u t i l i z e d  r e f r a c t i v i t y  
p r o f i l e s  determined from d o p p l e r  r e s i d u a l s  o b t a i n e d  p r i o r  t o  
OCCUltatiOn. ( C f r .  F igu re  4 ) .  These p r o f i l e s  were d i v i d e d  i n t o  
l a y e r s  of 40-km t h i c k n e s s  (approximately t h e  t h i c k n e s s  of t h e  
d e t e c t a b l e  p a r t  o f  t h e  lower atmosphere) and t h e  r e f r a c t i v i t y  b i a s  
was computed w i t h i n  each l a y e r .  The b i a s  changed i n  a random manner 
from o n e  l a y e r  t o  t h e  n e x t .  However, t h e  s t a n d a r d  d e v i a t i o n  i n  t h i s  
change i n  t h e  b i a s  was on ly  on t h e  o r d e r  of 0 . 0 1  r e f r a c t i v i t y  u n i t s ,  
which i s  about a t h i r d  of one p e r c e n t  of  t h e  r e f r a c t i v i t y  measured 
n e a r  t h e  s u r f  ace .  
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The l a s t  immersion doppler  r e s i d u a l  f r e e  of d i f f r a c t i o n  e f f e c t s  was 
measured when t h e  mean r a d i o  pa th  was approximately one k m  above t h e  siir- 
f a c e .  Exponent ia l  e x p t r a p o l a t i o n  of t h e  r e f r a c t i v i t y  measurements down 
t o  t h e  o c c u l t a t i o n  p o i n t  y i e l d s  a s u r f a c e  r e f r a c t i v i t y  of 3.7. The s c a l e  
h e i g h t  of t h e  r e f r a c t i v i t y  p r o f i l e  measured du r ing  immersion i s  r e m a r k a b l y  
c o n s t a n t .  A l e a s t - s q u a r e s  f i t  of t h e  p r o f i l e  i n  F i g .  7 t o  an exponen t i a l  
f u n c t i o n  g i v e s  a scale h e i g h t  of 8 km. The s t anda rd  d e v i a t i o n  of t h e  f i t  
i s  0.04 r e f r a c t i v i t y  u n i t s  which may be considered t h e  formal  e r r o r  i n  
t h e  r e f r a c t i v i t y .  
I t  i s  necessa ry  t o  know t h e  composition of t h e  atmosphere b e f o r e  
one can  u t i l i z e  t h e  r e f r a c t i v i t y  to  de te rmine  t h e  number d e n s i t y  wi th  
p r e c i s i o n .  Fo r tuna te ly ,  i t  appears t h a t  c o n s t i t u e n t s  a r e  s u f f i c i e n t l y  
w e l l  known t o  d e r i v e  p r e s s u r e ,  temperature ,  and d e n s i t y  p r o f i l e s  w i t h  
remarkably good p r e c i s i o n .  Ground-based i n f r a r e d  spec t roscop ic  s t u d i e s  
show t h a t  C02 
p a r t i a l  carbon d i o x i d e  p r e s s u r e  of 
Spinrad ,  e t  a1  1966) .  
abundance of wa te r  vapor and upper l i m i t s  f o r  t h e  abundance of 
02, 03, CO, CH4, NH3, N 2 0 ,  NO2 
may b e  t h e  major c o n s t i t u e n t  on Mars. They g i v e  a 
5 f 2 mb (Be l ton  and Hunten, 1966, 
The spec t roscop ic  s t u d i e s  a l s o  y i e l d  t h e  
and a number of o t h e r  g a s e s  (Rea, 1965) 
showing t h a t  none of t h e s e  can c o n t r i b u t e  i n  a measurable way t o  t h e  
r e f r a c t i v i t y  of t h e  lower atmosphere of Mars. The most l i k e l y  
remaining c a n d i d a t e s  appear  t o  be  N2 and A. Spec t roscopic  
d e t e c t i o n  of t h e s e  gases  must b e  made i n  t h e  u l t r a v i o l e t  and t h u s  
from o u t s i d e  t h e  t e r r e s t r i a l  atmosphere. 
A s  an example of how t o  compute t h e  number d e n s i t y  from t h e  
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measured r e f r a c t i v i t y ,  l e t  u s  assume t h a t  C02,  N2, and A a r e  
t h e  o n l y  c o n s t i t u e n t s  i n  t h e  lower atmosphere of Mars. The r e f r a c t i  
v i t y  (N) of a mix tu re  of t h e s e  non-polar molecules  i s  g i v e n  by: 
where n n and n deno te  t h e  number d e n s i t y  of C 0 2 ’  N2’  A carp N2’ 
and A, r e s p e c t i v e l y .  The t o t a l  number d e n s i t y  o f  t h e  g a s  i s  
denoted n The numerical  c o e f f i c i e n t s  i n  Eq. ( 7 )  have been d e t e r -  
mined from experimental  d a t a  pub l i shed  by Essen and Froome 
t ’  
(1951) .  
When t h e  r e l a t i v e  abundance of C 0 2 ,  N 2 ,  and A a r e  s p e c i f i e d ,  
one can u t i l i z e  Eq. ( 7 )  t o  de t e rmine  t h e  t o t a l  a tmospheric  number 
d e n s i t y  ( n t ) .  Two examples a r e  shown i n  F ig .  7 where t h e  t w o  s c a l e s  
on t h e  top  of t h e  graph g i v e  t h e  number d e n s i t y  fo r  t h e  c a s e  of 100% 
C02 and f o r  t h e  c a s e  of 8% C02 and 2 6  N 2 ,  The r e f r a c t i v i t y  of 
N 2  and A are roughly t h e  same; t h u s ,  i t  does n o t  make much d i f f e r e n c e  
on t h e  t o t a l  number d e n s i t y  whether t h e  atmosphere c o n t a i n s  20% 
mixture  of N and A compris ing 20% of t h e  atmosphere. 
N 2  
o r  a 
2 
Figures  8 and 9 show t h e  co r re spond ing  r e f r a c t i v i t y  and number 
d e n s i t y  p r o f i l e  observed d u r i n g  emersion. T h i s  p r o f i l e  i s  ambiguous 
because one does no t  know e x a c t l y  a t  what f requency t h e  s p a c e c r a f t  was 
t r a n s m i t t i n g  du r ing  t h e  f i r s t  7 .5  seconds of one-way measurements. 
P r o f i l e  I was ob ta ined  by i n v e r t i n g  t h e  atmospheric  d o p p l e r  r e s i d u a l  
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d a t a  i n  t h e  form publ i shed  previous ly .  
P r o f i l e  I1 was determined by i n v e r t i n g  t h e  same d a t a  but  i n c r e a s i n g  
t h e  one way atmospheric  dopp le r  by 0.5 cps r e l a t i v e  t o  t h e  two way 
dopp le r .  I n  o t h e r  words, P r o f i l e  I1  assumes t h a t  t h e  frequency t r a n s -  
m i t t e d  from t h e  s p a c e c r a f t  du r ing  the  f i r s t  7.5 seconds of emersion 
measurements was 0.5 cps lower than f o r  P r o f i l e  I .  N o  unique s o l u t i o n  
e x i s t s  below 10 km a l t i t u d e  and t h e  two p r o f i l e s  shown i n  F ig .  8 and 
9 r e s u l t  from an a t tempt  t o  match doppler  r e s i d u a l s  a c r o s s  t h e  d i s -  
c o n t i n u i t y  ( P r o f i l e  I )  and t o  match r e f r a c t i v i t y  a c r o s s  t h e  discon-  
t i n u i t y  ( P r o f i l e  11). 
(Levy e t  a l ,  1966, F i g .  2 8 ) .  
The t w o  profi les  shown ii; Fig.  8 ai;d 9 have a d i ~  ix the 
r e f r a c t i v i t y  n e a r  10 km a l t i t u d e  w h e r e  t h e  r a d i o  t ransponder  changed 
f rom one-way t o  two-way mode of ope ra t ion .  A d i g i t a l  spectrum a n a l y s i s  
of t h e  downlink s i g n a l  shows that  t h e  r a d i o  spectrum w a s  somewhat broad- 
ened j u s t  p r i o r  t o  the change t o  two-way measurements. W e  b e l i e v e  t h i s  
f requency  broadening and t h e  assoc ia ted  d i p  i n  t h e  r e f r a c t i v i t y  p r o f i l e  
w a s  produced by changes i n  t h e  radio t ransponder  s y s t e m  r a t h e r  than  by t h e  
t h e  Martian atmosphere.  
The r e f r a c t i v i t y  measurements can  a l s o  be  u t i l i z e d  t o  s tudy  t h e  
thermal  s t r u c t u r e  o f  t h e  atmosphere. For  an atmosphere i n  h y d r o s t a t i c  
equ i l ib r ium,  one can show t h a t :  
dp + nt(h)G(h)g(h)  dh = 0 (8) 
27 SEL- 67 - 109 
where 
p(h)  = p r e s s u r e  a t  a l t i t u d e  h 
d p  = P(h + dh)  - p(h )  
n ( h ) =  t o t a l  number d e n s i t y  t 
m ( h )  = mean molecular  mass 
g(h)  
dh  = d i f f e r e n t i a l  change i n  a l t i t u d e .  
= a c c e l e r a t i o n  of g r a v i t y  (g(0)  = 3 . 7 5  m/sec”) 
The p res su re  i n  an i d e a l  gas  i s  g iven  by 
where 
k = Boltzmann’ s c o n s t a n t  
T(h)  = t empera ture .  
E l imina t ing  p (h )  from E q s .  ( 8 )  and ( 9 ) ,  and So lv ing  f o r  
T(h)  y i e l d s  
h0 
h 
where h i s  t h e  a l t i t u d e  a t  which t h e  boundary v a l u e  T(ho) i s  
chosen.  
0 
I n  a well-mixed atmosphere,  n t ( h )  i s  p r o p o r t i o n a l  t o  N ( h )  and 
m(h) i s  independent of a l t i t u d e .  T h i s  s i m p l i f i c a t i o n  y i e l d s :  
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h 
F igure  10 shows t h e  r e s u l t s  of employing t h i s  formula t o  compute 
tempera ture  p r o f i l e s  f o r  t h e  atmospheric reg ion  probed du r ing  immersion. 
The c a l c u l a t i o n s  were performed by choosing f i v e  d i f f e r e n t  boundary 
v a l u e s  a t  30 km a l t i t u d e  and i n t e g r a t i n g  downward towards t h e  s i i r face .  
The v a l u e  of t h e  f i r s t  term on t h e  r igh t -hand s i d e  of Eq. (11) 
depends upon t h e  cho ice  of boundary tempera ture  and i s  a l s o  
a f f e c t e d  by r e f r a c t i v i t y  no i se .  For tuna te ly ,  however, t h e  e f f e c t  of 
t h i s  f i r s t  term d e c r e a s e s  r a p i d l y  wi th  dec reas ing  a l t i t u d e  s i n c e  i t  
i s  i n v e r s e l y  p r o p o r t i o n a l  t o  N(h). Thus, t h e  u n c e r t a i n t y  i n  t h e  
product  T(ho) N(ho) does no t  have a l a r g e  e f f e c t  on T(h) a t  
a l t i t u d e s  w e l l  below t h e  boundary l e v e l  (see Fig .  l o ) .  
T(ho) ,  
U n c e r t a i n t i e s  i n  t h e  r e f r a c t i v i t y  b i a s  a l s o  a f f e c t  t h e  tempera ture  
p r o f i l e s .  Changing t h e  e n t i r e  r e f r a c t i v i t y  p r o f i l e  i n  t h e  lower 
atmosphere by an amount equa l  t o  the  s t anda rd  d e v i a t i o n  i n  t h e  b i a s  
(+ 0.01 r e f r a c t i v i t y  u n i t s )  y i e l d s  a + - 2 K change i n  t h e  tempera- 
t u r e  n e a r  t h e  s u r f a c e  (assuming lo$ CO ). 
i n  t h e  s u r f a c e  p r e s s u r e  i s  approximately + 2%. 
0 
The cor responding  change 
2 
- 
The upper  and lower temperature  s c a l e s  i n  F ig .  10 a r e  f o r  a mean 
c02 molecular  mass of 40.8 and 4 4 . 0 ,  r e s p e c t i v e l y .  Assuming t h a t  
and N a r e  t h e  on ly  c o n s t i t u e n t s ,  t h e  two s c a l e s  correspond t o  a pure 
C02 atmosphere and t o  a m i x t u r e  of 8@ C02 and 2 6  N 2 .  
2 
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den t  of t h e  assumed composi t ion.  
The tempera ture  t o  mean molecular  mass r a t i o  i s  indepen- 
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BY i n c r e a s i n g  t h e  n i t r o g e n  abundance, one reduces  t h e  mean molecular  
mass which aga in  reduces t h e  temperature  computed from Eq. 11. 
In  o r d e r  t o  have a s t a b l e  atmosphere n e a r  t h e  s u r f a c e ,  i t  i s  
necessa ry  f o r  t h e  tempera ture  t o  be equa l  t o  o r  g r e a t e r  than  t h e  
s a t u r a t i o n  tempera ture  f o r  CO vapor. T h i s  c o n s t r a i n t  p rov ides  an 
upper  l i m i t  of about 2% f o r  t h e  
o v e r  E lec t r i s .  
2 
N2 abundance i n  t h e  lower atmosphere 
The emersion r e s u l t s  a r e  shown i n  F igu re  11. The  two sets of 
p r o f i l e s  denoted I and I1 were obta ined  from t h e  cor responding  number 
d e n s i t y  p r o f i l e s  shown i n  F ig .  8 and 9. The f i v e  boundary tempera- .  
t u r e s  w e r e  chosen n e a r  33 km a l t i t u d e .  
The tempera ture  peak n e a r  10 km a l t i t u d e  i n  F i g .  11 i s  produced 
by t h e  d i p  i n  t h e  r e f r a c t i v i t y  p r o f i l e  a s s o c i a t e d  w i t h  t h e  change from 
one-way t o  two-way mode of ope ra t ion .  
t empera tu re  p r o f i l e  was probably produced by changes i n  t h e  r a d i o  sys t em 
r a t h e r  t han  by a ho t  l a y e r  i n  t h e  Martian atmosphere. 
Thus, t h e  peak i n  t h e  computed 
The tempera ture  p r o f i l e s  obtained from t h e  immersion and emersion 
0 
measurements show t h a t  t h e  Mar t ian  summer n i g h t  a t  60 N was con- 
s i d e r a b l y  warmer than  t h e  w i n t e r  day a t  50 S l a t i t u d e .  The r e s u l t s  
sugges t ,  fur thermore ,  t h a t  t h e  temperature  l a p s e  ra te  may be  dec reas ing  
w i t h  i n c r e a s i n g  s o l a r  l a t i t u d e .  These e f f e c t s  a r e  a l s o  observed i n  
t h e  terrestrial atmosphere and t h e y  a r e  confirmed by t h e o r e t i c a l  model 
s t u d i e s  of t h e  Martian atmosphere (Leovy, 1966;  Leovy and Mintz,  1966; 
Ohring and Mariano, 1967). 
0 
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u t i l i z i n g  Eq. ( 9 ) ,  one can determine t h e  p r e s s u r e  p r o f i l e s  
cor responding  t o  t h e  v a r i o u s  temperature  and number d e n s i t y  p r o f i l e s .  
The r e s u l t s  a r e  shown i n  F igu re  1 2 ,  The p r e s s u r e  f o r  emersion i s  
Seen t o  be  s u b s t a n t i a l l y  h ighe r  than f o r  immersion. The p r e s s u r e  
d i f f e r e n c e  cor responds  t o  a g r a v i t a t i o n a l  e q u i p o t e n t i a l  a l t i t u d e  
d i f f e r e n c e  on t h e  o r d e r  of 6 t o  9 km between t h e  two o c c u l t a t i o n  
p o i n t s .  
may have c o n t r i b u t e d  t o  t h e  observed d i f f e r e n c e s )  
1 
( I t  i s  a l s o  p o s s i b l e  t h a t  l o c a l  h i g h  and low p r e s s u r e  r e g i o n s  
The r a d i u s  (measured from t h e  Martian c e n t e r  of  mass) may a l s o  
have d i f f e r e d  a t  t h e  two o c c u l t a t i o n  p o i n t s .  
r e p o r t e d  t h a t  t h e  r a d i u s  a t  t h e  immersion p o i n t  ( i n  t h e  b r i g h t  a r e a  
E lec t r i s )  was from -2 t o  +12 km l a r g e r  t han  a t  t h e  emersion p o i n t  
(nea r  t h e  n o r t h e r n  bo rde r  of Mare Acidalium). 
y i e l d  s i m i l a r  va lues .  
K l i o r e  e t  a1  (1966) 
Our own c a l c u l a t i o n s  
+ 
+ 
of t h e  l e a d i n g  edge of pu lsed  monostat ic  r a d a r  echoes t o  s tudy  topo- 
g r a p h i c  e l e v a t i o n  d i f f e r e n c e s  n e a r  t he  21  n o r t h  l a t i t u d e  c i r c l e  on 
Mars ( P e t t e n g i l l  1967) .  He found a l t i t u d e  v a r i a t i o n s  a s  l a r g e  a s  11 
km a t  t h i s  l a t i t u d e .  ( I n d i v i d u a l  a l t i t u d e  measurements r ep resen t  an 
ave rage  over  about  a 200 km diameter  c i r c l e  on Mars, so t h a t  peak 
v a r i a t i o n s  are no doubt g r e a t e r ) .  
t h a t  the da rk  maria tend  t o  be  loca ted  a t  lower e l e v a t i o n s  than  t h e  
b r i g h t  areas. The f i n d i n g s  of the r a d i o  o c c u l t a t i o n  experiment seem 
t o  agree w i t h  t h i s  o r d e r  of magnitude f o r  the a l t i t u d e  d i f f e r e n c e  and 
t h e  cor respondence  of a l t i t u d e  wi th  s u r f a c e  markings.  
P e t t e n g i l l  has  r e c e n t l y  u t i l i z e d  v a r i a t i o n s  i n  t h e  t i m e  of a r r i v a l  
0 
P e t t e n g i l l ' s  data  a l s o  i n d i c a t e  
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FIG. 1 2  PRESSURE PROFILES FOR IMMERSION AND EMERSION. The atmos- 
p h e r i c  p r e s s u r e  at t h e  o c c u l t a t i o n  l e v e l  w a s  4.5 and about 8 mb 
for.  immersion and emersion,  r e s p e c t i v e l y .  
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The differences between the temperatures, pressures, and radii 
measured at the two occultation points are, of course, very interesting. 
However, it would be much more useful for detailed study and under- 
standing to have many more than just two sets of atmospheric profiles. 
This need for repeated measurements at many difference locations, times 
and seasons points to the use of planetary orbiters in future 
experiments of this type. 
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4 .  THE UPPER ATMOSPHERE OF MARS 
From t h e  magnetoionic  theo ry ,  one can  show t h a t ,  f o r  t h e  condi-  
t i o n s  of t h i s  experiment ,  t h e  r e f r a c t i v i t y  N of f r e e  e l e c t r o n s  i s  
g iven  by : 
11 
6 e  N = -40.3 x 10 - 
f2 
-3 where n i s  t h e  e l e c t r o n  number d e n s i t y  ( m  ) and f i s  t h e  r a d i o  e 
frequency ( h e r t z ) ,  
r e f r a c t i v i t y  measurements i n  t h e  upper  a tmosphere ove r  Electr is  i n t o  
e l e c t r o n  number d e n s i t i e s .  The r e s u l t i n g  e l e c t r o n  number d e n s i t y  
p r o f i l e  is shown i n  F i g .  13. 
By employing t h i s  formula,  one can  conve r t  t h e  
Assuming t h a t  t h e  i o n o s p h e r i c  t o p s i d e  i s  i n  ambipolar  d i f f u s i v e  
equi l ibr ium,  one can  show t h a t  t h e  plasma t empera tu re  T i n  t h i s  
r e g i o n  is  g iven  by: 
P 
where m deno tes  t h e  mass of t h e  p r i n c i p a l  i on .  The o t h e r  symbols 
involved were de f ined  i n  Sec.  3 ( c f .  Eq. 11). 
i 
Figure  14  shows t h e  plasma t empera tu re  p r o f i l e s  o b t a i n e d  by 
i n t e g r a t i n g  Eq, (13) downward from 220 km a l t i t u d e .  
w a s  assumed t o  b e  c o n s t a n t  and independent  of a l t i t u d e  i n  t h e s e  
c a l c u l a t i o n s .  
The i o n  mass 
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FIG. 13 .  ELECTRON NUMBER DENSITY PROFILE FOR THE UPPER ATMOS- 
PHERE PROBED DURING IMMERSION. 50' S l a t i t u d e ,  177' E 
l o n g i t u d e ,  1300 hours l oca l  t i m e ,  l a t e  w i n t e r ,  solar z e n i t h  
a n g l e  67'. 
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W e  do no t  know what t h e  p r i n c i p a l  i o n  i s  on t h e  t o p s i d e  of t h e  
+ Martian ionosphere.  P o s s i b l e  c a n d i d a t e s  i n c l u d e  CO , O+, and a 
number of i o n s  of i n t e r m e d i a t e  mass. I n  o r d e r  t o  i l l u s t r a t e  t h e  
2 
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e f f e c t  of t h i s  u n c e r t a i n t y ,  F i g .  14 has  been provided wi th  t h r e e  
d i f f e r e n t  tempera ture  scales cor responding  t o  a n  i o n  mass of 44 
(C02 ) ,  32 (02+), and 16 ( O + ) .  + 
R e f r a c t i v i t y  b i a s  between 280 and 380 km a l t i t u d e  w a s  c a l c u l a t e d  
and s u b t r a c t e d  from t h e  rest of t h e  p r o f i l e  b e f o r e  t h e  plasma temper- 
a tu re  w a s  determined.  I n  o r d e r  t o  e s t a b l i s h  how t h e  u n c e r t a i n t i e s  
i n  t h e  b i a s  a f f e c t  t h e  r e s u l t s ,  w e  ana lyzed  t h e  r e f r a c t i v i t y  p r o f i l e s  
determined from doppler  d a t a  ob ta ined  p r i o r  t o  o c c u l t a t i o n .  These 
p r o f i l e s  were d i v i d e d  i n t o  l a y e r s  of 80 km t h i c k n e s s  (approximately 
t h e  depth  of t h e  ionosphe r i c  t o p s i d e )  and t h e  ave rage  r e f r a c t i v i t y  
w a s  computed f o r  each l a y e r .  The s t a n d a r d  d e v i a t i o n  of t h e  d i f f e r -  
ence between t h e  average  r e f r a c t i v i t i e s  of l a y e r s  s e p a r a t e d  i n  
a l t i t u d e  by 80 km was found t o  be about 0 .01  r e f r a c t i v i t y  u n i t s  
( 1 . 3  x 10 elec/cm ) .  3 3 A change i n  t h e  e n t i r e  t o p s i d e  r e f r a c t i v i t y  
p r o f i l e  of kO.01 r e s u l t e d  i n  a k4$ change i n  t h e  plasma tempera ture  
nea r  130 km a l t i t u d e .  
The tempera ture  p r o f i l e s  shown i n  F ig .  14 are based  on t h e  
assumption t h a t  t h e  ionosphe r i c  t o p s i d e  is  i n  ambipolar  d i f f u s i v e  
equ i l ib r ium.  W e  have a l s o  made c a l c u l a t i o n s  f o r  t h e  case of a 
Chapman l a y e r  i n  p h o t o i o n i z a t i o n  equ i l ib r ium.  Assuming t h a t  t h e  
i o n i z a t i o n  c r o s s  s e c t i o n  and t h e  e l e c t r o n  recombina t ion  c o e f f i c i e n t  
are independent of a l t i t u d e ,  t h e s e  c a l c u l a t i o n s  y i e l d  tempera ture  
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PROBED DURING IMMERSION. Refractivity bias removed above 
280 km altitude. 
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profiles similar to those shown in Fig. 14 except that the tempera- 
tures near the ionization peak are lower. 
The interpretation of the immersion measurements has led to 
three different types of models for  the atmosphere of Mars. By 
analogy with the ionization regions formed in the terrestrial atmos- 
phere, one can denote these three classes of models: F2, F1, and E. 
The F2 (o r  Bradbury) models are based on the assumption that 
the observed ionization peak was produced by a rapid decrease of 
the ion recombination loss coefficient with increasing altitude, 
combined with downward plasma diffusion. In these models, the 
ionization peak is formed above the region where most of the ion 
production and 
models rest on 
coincides with 
recombination takes place. 
the assumption that the observed ionization peak 
the ion production peak caused by extreme solar 
The F1 and E ( o r  Chapman) 
ultraviolet and X-rays, respectively. 
The full-drawn curves in Figs. 15 and 16 show the number density 
and temperature profiles of one of the F2 models that have been 
proposed for the Martian atmosphere. In this model, CO is dis- 
sociated into CO and 0 by solar ultraviolet. It is assumed that 
diffusive equilibrium prevails above the dissociation region and 
that atomic oxygen predominates in the upper atmosphere, 
2 
9 
The atomic oxygen density at the ionization peak (10 ~ m - ~ )  
was estimated by equating the photoionization rate and the rate 
of downward plasma diffusion. The carbon dioxide density at this 
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6 -3,) a l t i t u d e  (10 c m  w a s  determined by equa t ing  t h e  rates of d i f f u -  
s i o n  and e l e c t r o n  recombinat ion loss, 
a t  t h e  i o n i z a t i o n  peak is  assumed t o  be 0' + co + 0 + C o  wi th  
a r a t e  c o e f f i c i e n t  of 1 0  cm /sec (Fehsenfeld e t  a l ,  1966) .  A more 
The l i m i t i n g  ion  l o s s  process  
+ 
2 2 
-9 3 
d e t a i l e d  d e s c r i p t i o n  of t h i s  F2 model has been given by F je ldbo  e t  a1 
(1966) .  Another F model has been o f fe red  by Johnson (1965) .  
2 
The main d i f f i c u l t y  with t h e  proposed F models i s  t h e  low 
a tmospher ic  tempera tures  t h a t  t hey  r e q u i r e .  If  0 were t h e  p r i n c i p a l  
2 
+ 
i o n  on t h e  t o p s i d e  of t h e  Mart ian ionosphere,  t h e  plasma tempera ture  
would on ly  be  about  looo K ( c f .  F ig .  1 4 )  i n  t h i s  reg ion  of t h e  atmos- 
phe re  and t h e  tempera ture  of t h e  n e u t r a l  gas  would probably have t o  
be  even lower ,  
A number of i n v e s t i g a t o r s  have worked on thermal  model s t u d i e s  
of t h e  Mart ian upper  atmosphere (Chamberlain and McElroy, 1966; 
F j e l d b o  e t  a l ,  1966; Gross e t  a l ,  1966; Smith and B e u t l e r ,  1966) .  
These t h e o r e t i c a l  estimates y i e l d  higher  tempera tures  than  100 K 
0 
on t h e  ionosphe r i c  topside--which i n d i c a t e s  t h a t  t h e  p r i n c i p a l  i o n  
i n  t h i s  r eg ion  is h e a v i e r  t h a n  O+ (c f .  F ig .  1 4 ) .  One should  keep 
i n  mind, however, t h a t  t h e s e  temperature  e s t ima tes  are s u b j e c t  t o  
c o n s i d e r a b l e  u n c e r t a i n t y  due t o  s impl i fy ing  assumptions,  t h e  omission 
of p o s s i b l y  important  p rocesses ,  and poorly-known parameters (Johnson, 
1966;  F j e l d b o  and Eshleman, 1967) .  
draw d e f i n i t e  conc lus ions  based on these  model s t u d i e s .  
Thus, i t  appears  d i f f i c u l t  t o  
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I f  t he  Mar t ian  upper atmosphere i s  composed mainly of molecular  
c o n s t i t u e n t s  such  as CO CO, or 0 t h e  i o n i z a t i o n  peak may c o i n c i d e  
wi th  t h e  ion product ion  peak caused by extreme s o l a r  u l t r a v i o l e t  
(Donahue, 1966; F je ldbo  e t  a l ,  1966) .  
2’ 2’ 
The dashed curves  i n  F i g s .  15 
and 16  show a n  example of such a model. I t  is based on t h e  assumption 
t h a t  CO is t h e  major c o n s t i t u e n t  bo th  i n  t h e  upper and t h e  lower 
atmosphere of Mars. I n  t h i s  model, t h e  i o n i z a t i o n  peak occurs  a t  a 
n e u t r a l  dens i ty  of about l o l o  molecules/cm3, where t h e  s l a n t  o p t i c a l  
2 
depth  i n  the  extreme u l t r a v i o l e t  i s  u n i t y .  
An E model f o r  t h e  Mart ian atmosphere has  been o f f e r e d  by 
Chamberlain and McElroy (1966) .  
observed w i t h  Mariner I V  occurs  a t  a n e u t r a l  d e n s i t y  of 5 x 10 
molecules /cm . 
I n  t h e i r  model t h e  i o n i z a t i o n  peak 
12 
3 
Figures  15 and 16  show a n  example of an  E model. I t  has  t h e  
same t o t a l  number d e n s i t y  a t  120-km a l t i t u d e  as proposed by Chamberlain 
and McEl roy  bu t  t h e  tempera ture  p r o f i l e  and t h e  composi t ion have 0 
been a l t e r e d  i n  o r d e r  t o  o b t a i n  a model t h a t  i s  compat ib le  wi th  t h e  
r e f r a c t i v i t y  measurements made i n  t h e  lower atmosphere over  E lec t r i s .  
The s t r a i g h t - l i n e  ( E  model) tempera ture  p r o f i l e  shown between 
30 and 120 km a l t i t u d e  i n  F i g .  16 i s  no t  based on any thermal  s tudy  
of t h i s  reg ion  of t h e  atmosphere.  I t  s imply  r e p r e s e n t s  a n  ex t r apo la -  
t i o n  of t he  measurements made below 30 km a l t i t u d e .  The tempera ture  
- - - - - -  
cu The composition was changed from 44% C 0 2  and 56% N 2  t o  8 6  C02 
and 2 6  N2 i n  o r d e r  t o  avoid s u p e r s a t u r a t i o n  of carbon d iox ide  vapor 
nea r  t h e  su r face  ( c f .  Sec.  I11 and F ig .  1 0 ) .  
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g r a d i e n t  above 30 km a l t i t u d e  was determined by r e q u i r i n g  a number 
d e n s i t y  of 5 x 10l2 molecu~es/cm3 a t  120 km a l t i t u d e .  
One d i f f i c u l t y  w i t h  t h e  E model i l l u s t r a t e d  i n  F igs .  15 and 
16 i s  t h a t  i t  r e q u i r e s  h ighe r  temperatures  between t h e  d e n s i t y  
l e v e l s  5 x 10 cm and 10 c m  t h a n  sugges ted  by t h e  t h e o r e t i -  
cal  tempera ture  computations (Prabhakara and Hogan, 1965; Chamberlain 
and McElroy, 1966; Smith and Beu t l e r ,  1966; Fje ldbo  and Eshleman, 
1967) .  
of a n  F 
12 -3 15 -3 
Other  problems arise when one a t t e m p t s  t o  e x p l a i n  t h e  absence 
l a y e r  above 120 km a l t i t u d e  (F je ldbo  e t  a l ,  1966).  1 
The three classes of a tmospheric  models t h a t  have been reviewed 
here y i e l d  a tmospher ic  number d e n s i t i e s  t h a t  d i f f e r  by almost  f o u r  
o r d e r s  of magnitude a t  120 km a l t i t u d e .  I t  may no t  be  p o s s i b l e  t o  
r e s o l v e  t h i s  u n c e r t a i n t y  b e f o r e  o t h e r  independent  evidence becomes 
a v a i l a b l e .  U l t r a v i o l e t  d e t e c t i o n  of i onosphe r i c  c o n s t i t u e n t s  might 
be p a r t i c u l a r l y  va luab le .  It might also be  worthwhile  t o  improve 
t h e  r a d i o  o c c u l t a t i o n  measurements, One could,  f o r  example, i n c r e a s e  
t h e  s e n s i t i v i t y  of t h e  e l e c t r o n  number d e n s i t y  measurements by 
employing one or more lower f r equenc ie s  ( i n  a d d i t i o n  t o  t h e  t r a c k i n g  
and t e l e m e t r y  s i g n a l ) .  
quenc ie s  would, moreover, enab le  us  t o  estimate t h e  v e r t i c a l  e l e c t r o n  
c o l l i s i o n  frequency p r o f i l e  i n  t h e  lower ionosphere  of Mars (F je ldbo  
e t  a l ,  1965).  
t empera tu re  and d e n s i t y  of t h e  n e u t r a l  gas- -quant i t ies  of p a r t i c u l a r  
i n t e r e s t  i n  t h e  c u r r e n t  deba te  on a tmospher ic  models. 
Absorption measurements a t  these lower fre- 
The c o l l i s i o n  frequency is a g a i n  r e l a t e d  t o  t h e  
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5 .  CONCLUSIONS 
Our p r i n c i p a l  aim h e r e  was t o  p r e s e n t  t h e  r e s u l t s  of t h e  best 
a n a l y s i s  w e  could make of t h e  b a s i c  d a t a ,  w i t h  a minimum number of 
assumptions and i n t e r p r e t a t i o n s .  For  example, t h e  r e f r a c t i v i t y  pro- 
f i l e s  f o r  t h e  lower atmosphere,  and t h e  e l e c t r o n  number d e n s i t y  p r o f i l e  
f o r  t h e  upper atmosphere,  were o b t a i n e d  by i n v e r s i o n  of t h e  measured 
phase d a t a  wi thou t  smoothing t o  remove e i t h e r  r a d i o  or d i g i t i z i n g  n o i s e .  
The main d i f f i c u l t y  h e r e  was i n  coping w i t h  t h e  e f f e c t s  of ou r  less 
t h a n  p e r f e c t  knowledge of t h e  s p a c e c r a f t  t r a j e c t o r y .  The manner i n  
which t h i s  problem was handled i s  exp la ined  i n  some d e t a i l .  
From t h e  r e f r a c t i v i t y  p r o f i l e s  t h e  molecu la r  number d e n s i t y  pro- 
f i l e s  fo l low i f  t h e  c o n s t i t u e n t s  are  assumed. F o r t u n a t e l y ,  t h e r e  i s  
ve ry  l i t t l e  l a t i t u d e  h e r e ,  s i n c e  t h e  atmosphere appea r s  t o  c o n s i s t  
p r i m a r i l y  o f  C 0 2 .  The two models considered--one of 1 0 6  C02 and 
t h e  o t h e r  8@ C02 w i t h  2@ N2--are thought  t o  l e a d  t o  r e a s o n a b l e  
l i m i t s  t o  t h e  p robab le  u n c e r t a i n t i e s  i n  number d e n s i t y ,  t empera tu re ,  
and p r e s s u r e  p r o f i l e s  due t o  unknown c o n s t i t u e n t s .  These two models 
d i f f e r  by o n l y  9$ i n  molecu la r  number d e n s i t y .  The lower atmospheric  
p r o f i l e s  r e p r e s e n t i n g  t empera tu re  d i v i d e d  by mean molecu la r  mass were 
d e r i v e d  from t h e  r e f r a c t i v i t y  p r o f i l e s ,  assuming o n l y  mixed, non-polar 
molecules i n  h y d r o s t a t i c  e q u i l i b r i u m .  D i f f e r e n t  boundary c o n d i t i o n s  
n e a r  30 km a l t i t u d e  were used t o  s t a r t  i n t e g r a t i n g  downward t o  f i n d  
t h e  temperature  o v e r  mass p r o f i l e s ,  and it is  appa ren t  t h a t  t h e  p r o f i l e s  
below about 20  k i l o m e t e r s  a r e  remarkably independent of t h e  boundary 
c o n d i t i o n .  Ambipolar d i f f u s i v e  or p h o t o i o n i z a t i o n  e q u i l i b r i u m  c o n d i t i o n s  
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were assumed i n  d e r i v i n g ,  i n  a s i m i l a r  manner, p r o f i l e s  which r e p r e s e n t  
t h e  plasma tempera ture  d iv ided  b y  mean i o n i c  mass f o r  t h e  upper  atmo- 
sphe re .  P r e s s u r e  p r o f i l e s  were der ived f o r  t h e  lower atmosphere from t h e  
number d e n s i t y  and tempera ture  p r o f i l e s .  The two models cons idered  have 
o n l y  a 1% p r e s s u r e  d i f f e r e n c e  due to  d i f f e r e n t  c o n s t i t u e n t s .  
p r e s s u r e  d i f f e r e n c e  was found between immersion and emersion, and t h i s  
i s  a t t r i b u t e d  p r i m a r i l y  t o  a d i f f e r e n c e  i n  a l t i t u d e  of t h e  o c c u l t i n g  
f e a t u r e s .  
A l a r g e  
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APPENDIX A 
Raypath Approximations 
The purpose of t h i s  appendix i s  t o  v e r i f y  some of the approsii i iat ions 
u t i l i z e d  i n  S e c t i o n  2 .  The geometry i s  i l l u s t r a t e d  i n  F i g .  17  where 
s denotes  t he  r aypa th  between t h e  e a r t h  and t h e  s p a c e c r a f t  and 
and a2 denote  t h e  l e n g t h  of the  cor responding  r aypa th  asymptotes .  
The phase  p a t h  i n c r e a s e  
il 
' 
(@)  produced by t h e  p l a n e t a r y  atmosphere is 
g iven  by 
Jl cos(6s-6) + a2 cos(a+6-5 S ) 
f i = x  I + N ( p ) ]  d s  - A 
a long  
r a y  
pa th  ( c y c l e s )  
where 
s t a t i o n  and t h e  s p a c e c r a f t ,  and A i s  the  f r e e  space  wavelength .  The 
atmospheric  r e f r a c t i v i t y  N ( r )  
d i s t a n c e  t o  t h e  c e n t e r  of t h e  p l a n e t  
1, cos(6  -6) + R2 c o s ( ~ + 6 - 6 ~ )  is  t h e  d i s t a n c e  between t h e  t r a c k i n g  
S 
i s  assumed t o  be a f u n c t i o n  o n l y  of t h e  
( r ) .  
U t i l i z i n g  Bouger ' s  r u l e  [Born and Wolf, (1959) 1,  w e  have 
!A2 1 -6 a = p [ 1  + 10 N(p) l  
where p and a a r e  t h e  r a d i i  of c l o s e s t  approach f o r  t h e  r aypa th  
and i t s  asymptotes ,  r e s p e c t i v e l y .  Employing Eq. ( A 2 ) ,  one can show 
t h a t  
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FIG. 17. RAY PATH GEOMETRY. Mars was at a distance of 216 million 
kilometers from the earth during the measurements. 
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r c o s ( a + b )  - z s i n ( o + b )  
S S 
F i =  
1 + N ( p )  
and t h a t  
Z 5: p sin($ + 6) 
cos (a+6)  c o s  
(;) E1 + N ( p H  R =o+2 cos  a+E 
where r and z a r e  t h e  s p a c e c r a f t  c o o r d i n a t e s ,  
S S 
Equations ( A l )  through ( A 4 )  a r e  g e n e r a l  f o r m u l a t i o n s  t h a t  app ly  t o  
any r a y  passing through a s p h e r i c a l l y  symmetric medium. These e q u a t i o n s  
can be s i m p l i f i e d  c o n s i d e r a b l y  when a p p l i e d  t o  propagat ion i n  t h e  Martian 
atmosphere. F o r  example, one can omit t h e  t e r m  10  N ( p )  i n  t h e  ex- 
p r e s s i o n  f o r  p because t h e  maximum va lue  of t h i s  t e r m  i s  o n l y  about  
4 x 10 , The maximum e r r o r s  i n t roduced  i n  p by t h i s  approximation 
is  of t h e  o r d e r  of 10 meters which i s  o n l y  about  0.1% of t h e  atmospheric  
s c a l e  h e i g h t .  
-6 
-6 
S i m i l a r l y ,  one can s i m p l i f y  t h e  terms i n v o l v i n g  (a+b),  because 
t h e  magnitude of t h i s  a n g l e  d i d  no t  exceed 0.0002 r a d i a n s ,  T e r m s  of 
second and h i g h e r  o r d e r  i n  
t h e  va lue  of p .  Thus,  w e  have: 
(a+b) c o n t r i b u t e d  less t h a n  10 meters t o  
p = r - z (ai-6) S S (A5 ) 
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w h e r e  6 i s  g i v e n  t o  f i r s t  order by 6 = rs/D. We h a v e ,  t h e r e f o r e ,  
v e r i f i e d  Eq.  (2) of S e c t i o n  2 .  
S i m i l a r l y ,  o n e  can  s i m p l i f y  Eq. ( A l )  
ll 2 pl = pll + - (6 -6) + - (a+6-6 )2 2A s 2A S 
where  
d + #  
-1 2 
A 1 j [1 + N(,,)i  d s  - @1 = A a l o n g  
ra  Y 
p a t h  
For small  b a n d i n g ,  Eq. (6 )  and (A7) are  e q u i v a l e n t .  Terms c o n t a i n i n g  
(6-6 ) can  be  n e g l e c t e d  i n  Eq. ( A 6 ) .  T h i s  s i m p l i f i c a t i o n  y i e l d s  
S 
2 @ = f l l + p  
U t i l i z i n g  Eq.  (A4) ,  one  c a n  show t h a t  i t  makes n e g l i g i b l e  d i f f e r e n c e  
i n  t h e  p h a s e  p a t h  6 when e2 is  r e p l a c e d  by  z . T h u s ,  w e  have  S 
2 
Z Q  
S b = 8 , + x  
which  i s  t h e  same a s  Eq.  (5 )  of S e c t i o n  2. 
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APPENDIX B 
A P r o c e d u r e  f o r  C a l c u l a t i o n  of  N ( r )  f rom 6, (9) 
I n  t h i s  a p p e n d i x ,  w e  d i s c u s s  i n  g r e a t e r  d e t a i l  how t o  i n v e r t  
E q .  ( 6 )  to o b t a i n  N ( r ) .  The p r o c e d u r e  t o  be o u t l i n e d  h e r e  i s  based  
on t h e  assumpt ion  t h a t  t h e  a tmosphe re  i s  s p h e r i c a l l y  s y m m e t r i c .  \\lien 
a p p l i e d  to  a r e a l  a tmosphe re ,  t h i s  p r o c e d u r e  y i e l d s  a "mean refroctivit:, 
p r o f i l e "  where t h e  h o r i z o n t a l  g r a d i e n t s  have  been a v e r a g e d  o u t .  
* 
The geomet ry  i s  i l l u s t r a t e d  i n  F i g .  18 where  K r a y s  a r e  p a s s i n g  
t h r o u g h  an a tmosphe re  c o n s i s t i n g  of K s p h e r i c a l  l a y e r s .  Each atmo- 
s p h e r i c  l a y e r  h a s  c o n s t a n t  r e f r a c t i v i t y  and c o n s t a n t  t h i c k n e s s .  
I t  is  here c o n v e n i e n t  t o  r e p l a c e  Eq. ( 6 )  of S e c t i o n  I1 by a s y s t e m  
of K l i n e a r  e q u a t i o n s  o f  t h e  form:  
m- 1 
L 
n = l  
where @ , ( m )  d e n o t e s  fdl f o r  t h e  m t h  r a y  and N ( n )  
t i v i t y  i n  t h e  n th  l a y e r .  The  m a t r i x  e l e m e n t  Az(m,n)  d e s i g n a t e s  
t h e  l e n g t h  of t h a t  p o r t i o n  o f  t h e  m r a y  which  l i e s  w i t h i n  t h e  n 
l a y e r ,  a s  i l l u s t r a t e d  i n  F i g .  18. 
i s  t h e  r e f r a c -  
t h  t h  
*The p r o c e d u r e  d e s c r i b e d  h e r e  can  a l s o  be  u t i l i z e d  t o  i n v e r t  f i l ( ? )  
when t h e r e  a r e  h o r i z o n t a l  r e f r a c t i v i t y  g r a d i e n t s  i n  t h e  a t m o s p h e r e .  
However, t h e  magn i tude  of t h e  h o r i z o n t a l  g r a d i e n t s  must be assumed 
b e f o r e  one can  compute t h e  v e r t i c a l  g r a d i e n t s  [ F j e l d b o ,  1964 ! .  
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FIG. 18. CROSS SECTION OF ATMOSPHERE CONSISTING OF K SPHERICAL 
LAYERS. 
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The two dimensional  mat r ix  Az is  r e l a t e d  t o  the  r a d i i  of the  
atmospheric  l a y e r s  by:  
- [.:+l - 
f o r  m > n and 
Az(m,m) = 2 
f o r  n = m .  
Solving Eq. (B1) wi th  r e s p e c t  t o  N y i e l d s  
which p rov ides  US w i t h  a r e c u r s i v e  fo rmula t ion  r e l a t i n g  N e x p l i c i t l y  
t o  
The i n v e r s i o n  procedure  desc r ibed  i n  t h i s  r e p o r t  is based on t h e  
assumption t h a t  t h e  r e f r a c t i o n  i s  sma l l .  T h i s  approach does n o t  apply  
t o  Venus and t h e  Jov ian  p l a n e t s  whose atmospheres  a r e  s e v e r a l  o r d e r s  
of magnitude dense r  t han  t h a t  of Mars. A more g e n e r a l  p rocedure  has  
been developed f o r  hand l ing  t h e s e  cases  and i t  w i l l  be employed i n  
t h e  a n a l y s i s  of t h e  Mariner  V - Venus  (1967) d a t a .  
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